Familial correlations in birth weight and gestational age have been explained by fetal and maternal genetic factors, mainly in studies on offspring of twins. The aim of the present intergenerational study was to estimate and compare fetal and maternal genetic effects and shared sibling environmental effects on birth weight and gestational age and also on crown-heel length and head circumference. The authors used path analysis and maximum likelihood principles to estimate these effects and, at the same time, to adjust for covariates. Parent-offspring data were obtained from the Medical Birth Registry of Norway from 1967 to 2004. For the analysis of birth weight and crown-heel length, 101,748 families were included; for gestational age, 91,617 families; and for head circumference, 77,044 families. Assuming no cultural transmission and random mating, the authors found that fetal genetic factors explained 31% of the normal variation in birth weight and birth length, 27% of the variation in head circumference, and 11% of the variation in gestational age. Maternal genetic factors explained 22% of the variation in birth weight, 19% of the variation in birth length and head circumference, and 14% of the variation in gestational age. Relative to the proportion of explained variation, fetal genes were most important for birth length and head circumference.
relation to their impact on outcomes in both the perinatal period and later life, in order to provide opportunities for prevention and intervention.
Efforts to locate and identify genes controlling human traits, such as birth weight, are usually done on a gene-togene basis, without knowing the chances of success in advance. The more traditional biometric analyses, such as path analysis, aim at estimating the overall balance between the genetic and environmental factors determining a trait. This is of interest in a population setting, when assessing the possible effects of genetic or environmental interventions targeted at a specific disorder or when assessing the feasibility of a more detailed gene search.
Both intergenerational studies and studies on offspring of twins have described familial correlations in birth weight and fetal growth, as well as in gestational age at birth (3) (4) (5) (6) (7) (8) (9) (10) (11) . Such associations may be explained by fetal genes passed on from the father and the mother to the fetus and by maternal genes acting on the mother's capability of carrying a pregnancy, but they also may be explained by environmental factors that are shared among relatives.
Magnus (4, 5) and Clausson et al. (8) have described estimates of heritability in birth weight by use of data on offspring of twins. Magnus (4) found that 50 percent of the variability in birth weight could be explained by fetal genes, whereas Clausson et al. (8) estimated heritability to be around 40 percent. Recently, Magnus et al. (7) used mother-father-first child trios and concluded that, under the assumption of no cultural transmission on the paternal side, estimates of heritability in birth weight were 25 percent.
Clausson et al. (8) also estimated the heritability of gestational age to be around 30 percent. Earlier data from the 1958 British birth cohort showed that both maternal and paternal gestational ages had independent effects on term offspring's gestational age (10) . A recent Norwegian study confirms this (12) .
Few studies have focused on familial influences on newborns' length or head circumference at birth. A recent study from Norway reported full-sibling correlations for birth weight (r ¼ 0.48), crown-heel length (r ¼ 0.39), head circumference (r ¼ 0.36), and gestational age (r ¼ 0.29) (11) .
The aim of the present study was to estimate and compare the contributions of fetal and maternal genetic factors and sibling environmental factors to birth weight, crownheel length, head circumference, and gestational age and also to evaluate whether the higher sibling correlations in birth weight, compared with the other phenotypes (11), could be explained by stronger genetic or sibling environmental effects. By use of parent-offspring data including data on maternal half siblings, biometric methods in quantitative genetics (13) together with maximum likelihood principles (14, 15) provide opportunities to separate the different components of familial associations. These methods typically model (unobserved) genetic and environmental factors as latent variables that influence the variance of the observed trait. By utilization of the correlation between family members, components such as fetal genes and the shared and sporadic environment can be identified, and their relative contributions to the variance of the trait can be estimated.
MATERIALS AND METHODS
The study was based on parent-offspring data from the Medical Birth Registry of Norway (MBRN). Based on compulsory notification, the MBRN comprises data on all livebirths and stillbirths from 16 weeks' gestation in the country since 1967, with a total of more than 2.2 million births. A standardized notification form is used to collect data on demographic variables, maternal health before and during pregnancy, previous reproductive history, complications during pregnancy and delivery, and pregnancy outcomes. A national identification number is given to all liveborn infants, enabling linkage of data on the mother's successive births to the mother's and father's own birth records, thus providing generation files with birth records on families.
Data selection
The original study sample consisted of 133,638 families with birth records of the father, mother, and their offspring-all singletons. We included the first three offspring, as well as families with only one and only two offspring. Both full siblings and maternal half siblings were included and identified by means of fathers' national identification numbers. If information on the father was missing, this child was excluded (5,475 births). Only the birth record of the first known father was included. Families were included in the cohort if inclusion criteria were met by both parents (first generation). Families where individual infants (second generation) had missing information or did not fulfill inclusion criteria might, however, be included but without those specific births. As generational differences in survival might affect the variables of interest, families with stillbirths or neonatal deaths (first month) in the second generation were not included (2,149 families). Finally, deliveries by cesarean section (both generations) were excluded (18,120 families), as these deliveries may be indicated as the result of pathologic conditions disturbing the normal processes of growth and pregnancy duration that we wanted to evaluate.
Data screening
We excluded births with missing birth weight or birth length (2,979 families). As the parameters of interest (path coefficients) and correlations are generally sensitive to extreme values, the data were screened for possible errors by use of polynomial regression, using birth weight as the dependent variable and birth length as the independent variable (975 families excluded). We further excluded births delivered before 35 completed weeks of gestation (2,725 families), where gestational age was based on the mother's reported date of the last menstrual period. The cutoff point of 35 weeks was chosen because we wanted to describe and compare the normal variation in the studied phenotypes, without a large influence of different pathologic conditions and without truncating any of the distributions. Likewise, to avoid the influence of extremely growth-restricted infants, we excluded births with birth weight less than 3 standard deviations below the mean birth weight at 35 gestational weeks, i.e., below 1,400 g (16) . For births with missing gestational age, we excluded births with birth weight less than 2,500 g. The final data set after these exclusions comprised 101,748 families. Table 1 shows the sample sizes used in the different analyses, plus the mean and standard deviation, stratified by type of family and family member.
For the analysis of gestational age, we excluded births with missing data on gestational age (10,580 families). Because of the acknowledged uncertainty in gestational age estimations based on menstrual dates, gestational age was screened by calculating birth weight z scores for each gestational week, and we excluded births with z scores (absolute values) greater than 3.5 (4,687 families) (16). Gestational ages above 44 completed weeks were also excluded, and we were left with 91,617 families (table 1) .
Head circumference has been registered for a shorter time period in the MBRN (since 1978); thus, we had only 5,611 families with data on both parents but a total of 80,010 families if we did not require parental data (before screening). Therefore, infants (second generation) were included even if one or both of the parents had missing data on head circumference. Again, outliers were excluded by use of polynomial regression, using birth weight as the dependent variable and head circumference as the independent variable, and the final data set comprised 77,044 families (table 1) .
Statistical analysis
For an initial evaluation of how the different phenotypes were distributed, we calculated Pearson's correlation coefficients for different familial relations (table 2). The correlations were based on a weighted average of the correlation coefficients stratified by the infants' birth order (second generation). By use of Fisher's z transformation (17) , 95 percent confidence intervals were calculated.
To explain the correlations and the phenotypic variation in the study population in terms of genetic and environmental effects, we used path analysis (13, 18, 19) . Central to path analysis is the idea of expressing phenotypic correlation between relatives as a combination of genotypic and environmental correlations. Using a path diagram (figure 1) and a simple set of tracing rules, the phenotypic correlations between the relatives can be found (table 3) . The genetic effects were assumed to be polygenic, i.e., many genes with small and independent effects acting on the phenotype. No interactions between the effects were assumed, and both the genetic and environmental effects were assumed to be constant over time. Figure 1 shows a path diagram for a family with two full siblings, where unobserved genetic and environmental factors (circles) contribute to the correlations among the relatives. The unobserved genotypic variables for the father, mother, and the two infants are represented by G F , G M , G 1 , and G 2 , all with an equal effect h (degree of penetrance) on the phenotypes (P F , P M , P 1 , and P 2 ). The genotypic mother-child and father-child correlations are both assumed to be 0.5, i.e., an equal paternal and maternal contribution to the fetal genes explaining the phenotype. We assumed random mating and no cultural transmission between the generations, which means that only fetal (paternal) genes contributed to the father-child correlation (7). However, maternal genes also influence the fetus through the intrauterine environment. Thus, maternal genotypic variables for the mother (GI M ) and mother's mother (GI MM ), with a correlation of 0.5, were included to account for the higher motherchild correlation (table 2) , both with an effect m on the offspring phenotypes.
The genotypic correlation between full siblings is 0.5 and between (maternal) half siblings, 0.25. For the phenotypes studied, the difference in empirical correlation between full siblings and half siblings (table 2) was larger than the predicted difference of 1/4h 2 (table 3) . To account for this difference, the variables C f and C h were included to represent shared full sibling and half sibling environments, respectively, with effects c f and c h on the sibling phenotypes. Finally, a residual environment (unexplained variability) E also affects the phenotypes and accounts for the individual specific (sporadic) environment, as well as measurement errors. We estimated separate effects for the full and the half sibling environments and estimated the corresponding proportions of unexplained variability, represented by e f 2 and e h 2 , respectively. The squared path coefficients (figure 1; table 3) express the relative contribution of the fetal ðh 2 Þ and maternal ðm 2 Þ genotype, the full (c f 2 ) and the half (c h 2 ) siblings' shared environment, and the respective proportions of unexplained variability e f 2 and e h 2 to the total population variance. Together with the equations of complete determination,
, the squared path coefficients can be found. The proportion of unexplained variability for half siblings is, thus, e h 2 ¼ c f 2 ÿ c h 2 þ e f 2 .
Computational details
We used maximum likelihood techniques to estimate the path coefficients, while adjusting for covariates using a linear mixed-effects regression model (14, 15) . The family phenotypic values, consisting of the phenotype of each family member, were assumed to be multivariate normally distributed with a correlation structure as given in table 3. We used as covariates birth order (three levels), sex and generation (two levels), and interactions among these. However, the interaction terms were not all significant for all the phenotypes (significance level of 0.05).
All the estimated path coefficients were significant (refer to confidence intervals), and the full and half sibling environments were significantly different from one another (tested by introducing a parameter for the difference between c f 2 and c h 2 ). Because of the large sample sizes, all submodels were significantly worse than the model we present.
The likelihood function was maximized with respect to the fixed effects, the path coefficients, and the population variance, using the AD Model Builder software package (20) for parameter estimation in linear and nonlinear models. The data were preprocessed by use of R, version 2.1.1, language and environment for statistical computing and graphics for UNIX (The Open Group, San Francisco, California).
RESULTS
For the phenotypes studied, the correlations among the relatives (table 2) followed the same pattern for the different phenotypes: The mother-child correlation was higher than the father-child correlation, and the highest correlations were found between the siblings. Here, the correlation between full siblings was higher than that between half siblings.
Maximum likelihood estimates of the squared path coefficients (h 2 , m 2 , c f 2 , c h 2 , e f 2 ) were calculated for all four phenotypes (table 4). For gestational age, the covariates (birth order, sex, and generation) had only a small influence on the path coefficients, and the corresponding total variance reduction was only 0.16 percent. For birth weight, birth length, and head circumference, the variance reduction was 2.5, 3.1, and 3.2 percent, respectively.
Maternal age was also considered as a covariate, modeled as a factor with five levels, where interaction with type of family (full siblings/half siblings) and generation was considered. Maternal age had only a minor effect on the estimated path coefficients for the phenotypes studied.
The ordering of the path coefficients was h 2 > m 2 > c f 2 > c h 2 for all phenotypes except gestational age (table 4) . Further, birth weight had the lowest proportions of unexplained variability (e f 2 , e h 2 ) and the highest proportions of all the other effects. To compare the path coefficients across phenotypes, we divided each coefficient by its respective proportion of explained variation (1 ÿ e f 2 , full siblings). The relative importance of fetal genes on the phenotypes was then greatest for birth length (52 percent) and somewhat less important for head circumference (49 percent) and birth weight (46 percent). The maternal genetic factors were most important for head circumference (35 percent) and equally important for birth length (33 percent) and birth weight (33 percent). The common full sibling environment was most 
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important for birth weight (22 percent) and almost equally important for birth length and head circumference (both around 16 percent). Finally, looking at explained variation in the half sibling families (relating the proportions to 1 ÿ e h 2 ), the common half sibling environment was most important for birth weight (17 percent) and less important for birth length (12 percent) and head circumference (10 percent).
Although the path coefficients for birth weight, birth length, and head circumference seemed to follow the same pattern, the path coefficients for gestational age differed markedly from the others (table 4) . For gestational age, the maternal genetic factors and the shared full sibling environment were almost equally important. Relative to the proportion of explained variation (1 ÿ e f 2 ), these factors were more important (and thus the fetal genetic factors less important) for gestational age than for the other phenotypes. Further, the difference between the full and the half sibling environmental effects (c f 2 ÿ c h 2 ) was largest for gestational age, giving the largest contribution to the half sibling error (e h 2 ), compared with the other phenotypes. For full siblings and for all phenotypes, the correlation between the first and second sibling was significantly lower than between the second and third sibling. For half siblings, there were only minor differences between these correlations, except for birth length, where we found the opposite (but not significant) effect. We excluded third siblings from the data and repeated the estimation. For birth length, we got mainly an increase in the half sibling environmental effect and, thus, there was no significant difference between the full and the half sibling environmental effect. For the other studied phenotypes, there were only minor changes in the path coefficients.
We repeated the estimation with adjustment for the unequal phenotypic variance (heteroscedasticity), stratified by birth order, sex, and generation. Adjustment for unequal variance gave mainly a decrease in the maternal genetic effect and an increase in the full and half siblings' environmental effects, mainly for birth weight (m 2 ¼ 0.204, c f 2 ¼ 0.161) and birth length (m 2 ¼ 0.176, c f 2 ¼ 0.104). Adjustment for unequal variance and relative to explained variation, the fetal genes were even more important to birth length (53 percent) and head circumference (50 percent), and the maternal genetic factors were less important to birth weight and length (30 percent) and less important to head circumference (32 percent). Finally, there was an increase of about 2 percentage points in both shared sibling environmental effects, for all phenotypes except gestational age.
DISCUSSION
We confirm that there is a fetal genetic effect (4-8), a maternal genetic effect, and an effect from the sibling environment on birth weight, birth length, head circumference, and gestational age. We find that heritability and especially fetal genes to a large extent explain the normal variation in birth weight, birth length, and head circumference.
According to our analysis, fetal genes explain about 31 percent of the normal variation in birth weight and birth length and 27 percent of the normal variation in head circumference. Our estimate for birth weight was somewhat higher than what has recently been reported by Magnus et al. (7), also using data from the MBRN (mother-fatherfirst child trios), probably because we excluded the most preterm infants in our study in order to focus on the normal processes of fetal growth and gestational duration. We also included infants with higher birth order and used birth order as a covariate in our model.
Maternal genetic effects explained another 19-22 percent of the natural variation of the studied variables, so that about 50 percent of the variation may be explained by what is modeled as genetic factors. Further, the shared full sibling environmental factors explain about 9-15 percent of the variation, all significantly higher than the half sibling environmental factors. Maternal lifestyle habits, diet, and socioeconomic status are factors that may constitute the sibling environment, and such factors are more likely to differ between two pregnancies when there is a new partner.
We found that the different proportions of unexplained variation may account for the differences between the correlations and the path coefficients across phenotypes, except for gestational age. Relative to the explained variation, we found that fetal genetic effects were of more importance, and that the common full and half sibling environmental effects were of less importance, for birth length and head circumference than for birth weight. This may suggest that birth weight is more influenced by nutritional factors and placental function than are birth length and head circumference (21) (22) (23) .
For gestational age, the maternal genetic effect and the full sibling environment explained most of the variation, 14 percent and 13 percent, respectively. This suggests that there are factors associated with the mother that are more important than the fetal genes for the normal duration of pregnancy. However, the larger full sibling environmental effect, compared with the half sibling effect, suggests that the father is also important for the duration of pregnancy (12) . We suggest that the large proportions of unexplained variability in gestational age compared with the other phenotypes (e f 2 , e h 2 ) are due to individual specific conditions during pregnancy, but errors in the reported menstrual dates may also contribute.
Birth length and head circumference are measured on a coarser scale (rounded to the nearest centimeter) compared with birth weight and gestational age, and this will normally give lower correlations and therefore higher unexplained variability. However, based on sensitivity analysis, measurement error alone is less likely to explain the larger proportion of unexplained variation in birth length and head circumference. For birth length, varying muscle tonus and to what extent the child is stretched during the measuring will cause random variation. For head circumference, the presentation at birth (breech or cephalic), the way the head is placed in the pelvis toward the end of pregnancy, and the duration of the second stage of labor may be of importance. For all phenotypes, individual specific conditions during the pregnancy will cause random variation.
A recent study from the MBRN has shown that the sibling correlation for head circumference (first and second birth) decreased with increasing interpregnancy interval (11) . In our study, for head circumference, the mean interval between the first and the second birth (full siblings) was 3.0 years (standard deviation (SD): 1.4) and between the second and the third birth was 3.4 years (SD: 1.6). For half siblings, the corresponding numbers were 5.8 (SD: 2.6) and 5.9 (SD: 2.5) years. These numbers were approximately the same for the other phenotypes. Thus, the longer interval between the births of half siblings relative to full siblings could partly explain the lower effect of the half sibling environment (as compared with the full sibling environment). The difference could also possibly be explained by dominant genes (18) . However, for birth length, this difference diminished when we excluded the third sibling from the data. This may indicate that maternal factors such as diet and lifestyle habits are of less importance for length than for birth weight (21) . Further studies should try to model this difference in sibling correlation as a function of interpregnancy interval and as a function of birth order.
Compared with the results reported by Samuelsen et al. (11) , our results found higher sibling correlations for all the studied phenotypes, possibly as the result of different data screening. Our study was intergenerational, and both infants and parents were born after 1967 and thus ascertained in the MBRN. The majority of the second generation births were therefore concentrated over a shorter time period.
We assumed that the different genetic and environmental effects are independent of sex, birth order, and time period. Earlier studies have reported sex-limited fetal genetic variation in birth weight (4), while later studies have not (6, 7) .
We assumed that the genetic effects are polygenic, with many independently segregating loci acting on the phenotype in a simple, additive fashion (18) . During the last two decades, several studies have described single-gene effects on birth measurements, such as birth weight and length at birth (24) (25) (26) (27) (28) (29) (30) , as well as imprinting of genes important for fetal growth (31) . In our model, such single-gene effects would be incorporated in the estimated h. The fact that we find a significant heritability for birth length, head circumference, and birth weight increases the chances of identifying specific genes for these traits.
Models including the environment, culturally transmitted from parent to child, might possibly explain the correlations seen in this material (7) . Factors constituting the common sibling environment, such as lifestyle (smoking), living conditions, and diet, may be culturally transmitted factors ''inherited'' from one or both parents. Based on nuclear family data with maternal half siblings, culturally transmitted factors on the maternal side cannot be separated from the maternal genetic effect. Similarly, on the paternal side, this factor cannot be separated from the fetal genetic effect. Extended-family data (paternal half siblings, cousins/halfcousins) are needed to estimate these effects along with the genetic effects (18, 19) .
We have excluded cesarean births from our study, as they may represent truncated values of the phenotypes (16) . However, the impact of the exclusion on our estimates is not large. For instance, excluding cesarean births increases the fetal and the maternal genetic effects by 0.6 and 1.7 percentage points, respectively, for birth weight and birth length and by 1.0 percent point for both effects for birth length. Hence, the corresponding proportion of unexplained variance decreases by about 2.0 percentage points for full siblings and 1.6 percentage points for half siblings, for both variables.
Compared with earlier studies of heritability in birth measurements (5) (6) (7) (8) , this study excluded the most preterm births, as they may be under a different genetic and environmental control than are normal births at term. When the very preterm births, from 22 to 34 weeks' gestation, are included, genetic effects became somewhat less important. The fetal genetic effects were reduced by 2-3 percentage points, and the full siblings' environmental effects were increased by 1-2 percentage points for all phenotypes. Further, there was an increase in the proportions of unexplained variance, 1.0-1.5 percentage points for full siblings and 2 percentage points for half siblings, except for gestational age, where there was an opposite but small effect. There were only minor changes in the maternal genetic effects.
In Norway, the number of births due to induction of labor was 12 percent in 2002. This information on the individual birth was not included in the present study. Many of these births are postterm, i.e., births after 42 completed weeks of gestation. However, excluding the postterm births gave only minor changes to the estimates in table 4.
In conclusion, we found that about 50 percent of the variation in birth weight, birth length, and head circumference may be explained by genetic factors. Relative to the proportion of explained variation, fetal genetic effects were of more importance, and the common full and half sibling environmental effects were of less importance, for birth length and head circumference than for birth weight. Gestational age showed a different pattern than the other phenotypes, where the maternal genetic effect and the full sibling environment were most important for the explained variation. Further studies using extended family data (paternal half siblings, cousins/half-cousins) are needed to separate culturally transmitted factors from the genetic effects estimated in our study, as well as to evaluate possible interactions between maternal and paternal genes and the environment.
